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ABSTRACT
Yalin, Dong Ph.D., Purdue University, August 2013. Physically Representative
Atomistic Modeling of Atomic-scale Friction. Major Professor: Ashlie Martini,
School of Mechanical Engineering.
Nanotribology is a research eld to study friction, adhesion, wear and lubrica-
tion occurred between two sliding interfaces at nano scale. This study is motivated
by the demanding need of miniaturization mechanical components in Micro Electro
Mechanical Systems (MEMS), improvement of durability in magnetic storage system,
and other industrial applications. Overcoming tribological failure and nding ways to
control friction at small scale have become keys to commercialize MEMS with sliding
components as well as to stimulate the technological innovation associated with the
development of MEMS. In addition to the industrial applications, such research is also
scientically fascinating because it opens a door to understand macroscopic friction
from the most bottom atomic level, and therefore serves as a bridge between science
and engineering. This thesis focuses on solid/solid atomic friction and its associated
energy dissipation through theoretical analysis, atomistic simulation, transition state
theory, and close collaboration with experimentalists.
Reduced-order models have many advantages for its simplication and capacity
to simulating long-time event. We will apply Prandtl-Tomlinson models and their
extensions to interpret dry atomic-scale friction. We begin with the fundamental
equations and build on them step-by-step from the simple quasistatic one-spring, one-
mass model for predicting transitions between friction regimes to the two-dimensional
and multi-atom models for describing the eect of contact area. Theoretical analysis,
numerical implementation, and predicted physical phenomena are all discussed. In
the process, we demonstrate the signicant potential for this approach to yield new
fundamental understanding of atomic-scale friction.
 
 
 
 
 
 
 
PR
EV
IE
W
xx
Atomistic modeling can never be overemphasized in the investigation of atomic
friction, in which each single atom could play a signicant role, but is hard to be
captured experimentally. In atomic friction, the interesting physical process is buried
between the two contact interfaces, thus makes a direct measurement more dicult.
Atomistic simulation is able to simulate the process with the dynamic information
of each single atom, and therefore provides valuable interpretations for experiments.
In this, we will systematically to apply Molecular Dynamics (MD) simulation to
optimally model the Atomic Force Microscopy (AFM) measurement of atomic friction.
Furthermore, we also employed molecular dynamics simulation to correlate the atomic
dynamics with the friction behavior observed in experiments. For instance, ParRep
dynamics (an accelerated molecular dynamic technique) is introduced to investigate
velocity dependence of atomic friction; we also employ MD simulation to "see" how
the reconstruction of gold surface modulates the friction, and the friction enhancement
mechanism at a graphite step edge.
Atomic stick-slip friction can be treated as a rate process. Instead of running a
direction simulation of the process, we can apply transition state theory to predict its
property. We will have a rigorous derivation of velocity and temperature dependence
of friction based on the Prandtl-Tomlinson model as well as transition theory. A
more accurate relation to prediction velocity and temperature dependence is obtained.
Furthermore, we have included instrumental noise inherent in AFM measurement to
interpret two discoveries in experiments, suppression of friction at low temperature
and the attempt frequency discrepancy between AFM measurement and theoretical
prediction. We also discuss the possibility to treat wear as a rate process.
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11. INTRODUCTION
The Amontons' law developed 300 years ago describes the friction force at the macro-
scopic level in an empirical way, F = L, in which the friction force F is linearly
dependent on the load L, but independent of the contact area Am. With the de-
velopment of new technology and surface science, people have begun to realize that
surfaces at the macroscopic level and even at microscopic level are rough. With the
help of STM (Scanning Tunnel Microscope) and AFM (Atomic Force Microscope),
the topography of surfaces can be visualized. Now it is well known that the real con-
tact area Areal is much smaller and the apparent contact area is constituted by many
microscale or nanoscale junctions which are called asperities. It has been proposed
that fundamental insight into frictional phenomena might be gained by studying sin-
gle asperity friction, where a single asperity is considered to be the basic element of
friction on any length scale. The small size scale of a single asperity means that in-
dividual atoms may play a role in resisting motion, so single asperity friction is often
called atomic-scale friction [1]. In single asperity friction, the friction coecient and
wear rate which are the focus of macroscopic tribology are no longer enough to de-
scribe the friction property an nanoscale; many more parameters, like crystallography,
orientation, sliding direction, the chemical environment, temperature, sliding speed
and so on get involved to collectively determine the friction behavior [2]. From the
perspective of engineering, with the development of nanotechology and the demand
of miniaturizing devices in MEMS/NEMS systems, there is an urgency to understand
and control the friction at nanoscale. Due to the strong adhesion and wear at the
nano and micro scales, there is still no commercialized sliding mechanical component
in MEMS and NEMS systems. People are expecting to nd ways to control friction
at the nano scale by gaining fundamental understanding of single-asperity friction.
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